A new sterically demanding rigid cyclopentadienyl chelate ligand facilitates NMR spectroscopic investigations and signal assignment of paramagnetic rare earth organometallics.
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Introduction
The organometallic chemistry of the rare-earth metals began in the middle of the last century with the synthesis of their tris(cyclopentadienyl) derivatives by Wilkinson and Birmingham. 1 Since then the cyclopentadienyl (Cp) ligand stayed 25 one of the most ubiquitous ligands of this chemistry. For a long time, rare-earth organometallic chemistry has been dominated by metallocenes, 2 especially when these complexes are used as precursors in various stoichiometric and catalytic processes. 3 More recently, however, considerable attention has been directed 30 towards rare-earth mono-cyclopentadienyl complexes. 4 But the selective synthesis of monomeric rare-earth metal mono-Cp complexes is generally difficult. A great steric bulk of the Cp ligand is advantageous for a successful synthesis. In search of better ligand systems, wide variations of the aromatic 35 cyclopentadienyl framework have been described in the literature. 4, 5 These variations include for example totally or partly substituted Cp rings and ancillary linked donor atoms like O, N, P or S. The latter are used to form constrained geometry complexes (CGCs). 6 40 In this work we describe the synthesis, NMR studies and molecular structures of two novel cyclopentadienyl-phosphazene (CpPN) ligands with a tetrahydropentalene unit: Cp TM PPh 2 NHAd (L Ad H) and Cp TM HPPh 2 NDip (L Dip H). This tetrahydropentalene unit is very attractive as it is easily synthesized by condensation 45 of NaCp with Ph 2 PCl and two equivalents of acetone. Compared to other sterically demanding cyclopentadienyls such as C 5 Me 4 R it is cheap and it can easily be synthesized on large scale. The new ligands bear a sterically very demanding, well crystallizing, electron rich and rigid cyclopentadienyl ring. Therefore we are 50 confident, that these and related tetrahydropentalenyl ligands are good alternatives for the commonly used but expensive C 5 Me 4 R building blocks in organometallic chemistry.
Constrained geometry complexes with the cyclopentadienylsilylamido (CpSiN) type ligands, initially developed by Bercaw 7-9 55 and Okuda, 10 became one of best developed classes of CGCs (Scheme 1; A). In contrast, however, constrained geometry rareearth metal(III) complexes with different single-atom bridging units in the ligand system received much less attention and remained almost unexplored to date. Some examples are CpSiP 60 complexes (B) 11 and CpSiC complexes (C) 12 which have dianionic ligands. There are also some complexes bearing monoanionic ligands which are isoelectronically related to the classical dianionic CpSiN ligand system such as CpSiNP (D), 13 CpSiNIm (E) 14 
Results and Discussions
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Synthesis and Characterization of the Cp TM PN-Ligands
The ligands were prepared by a Staudinger reaction (Scheme 2) of the novel phosphane Cp TM HPPh 2 (1, diphenyl(4,4,6,6-tetramethyl-1,4,5,6-tetrahydropentalen-2-yl)phosphane) 24 with organic azides (AdN 3 and DipN 3 ; Dip = 2,6-di-iso-propylphenyl). 45 It should be mentioned that compared to our previously published synthesis of 1 we could exchange the highly toxic TlCp by NaCp, which can easily be synthesized on a large scale out of Na and (CpH) 2 . 25 The improved ligand synthesis is following the condensation of NaCp with one Ph 2 
The cyclopentadienyl rings of both ligands are essentially planar, the largest deviation from ideal C5 plane are ∆ max = 0.004(2) for L Ad H and 0.006(2) Å for L Dip H resp.
As anticipated the P−C Cp bond length in P-ylide L Ad H is quite (2) Å) 28 and Ph 3 P=N(tert-Bu) (1.543(2) Å)). 26 The alternating bond order and the bond lengths in the Cp TM -moiety are similar to those found in the parent phosphine Cp TM HPPh 2 1 24 and lie in ranges typical for cyclopentadiene 45 compounds. 29 The P1-C1 1.788(2) Å is significantly larger than in L Ad H. Moreover, this value is much closer to P-C Ph bond lengths where a C(sp 2 )-P bond is present. 45 Lanthanides have a short relaxation time for the unpaired electron so that little line broadening occurs. The mechanism of action within the lanthanides is principally the pseudocontact mechanism, which falls off in predictable manner with distance (1/R 3 ). 31 The direction of shift depends on the anisotropy in the 50 susceptibility, but it also depends on the angle between the principal axis of susceptibility and the vector R to the nucleus. In Figure 2 NMR spectrum of f 2 Pr 3+ complex 6 Ad which ranges from +100 to -53 ppm is shown as representative example (for 5 other spectra see supporting information).
Preparation and Characterization of Cp
All resonances of the adamantyl and annulated five ring moiety protons are shifted upfield while the CH 2 SiMe 3 alkyl groups, the phenyl substituentents on the phosphorus and the cyclopentadienyl protons are shifted downfield. For Sm(III) complex the 13 17 In Figure 3 NMR spectrum of 7 Ad is shown as an example (for 7 see supporting information). The analogue praseodymium complex displays a downfield shift of the diastereotropic protons Pr-CH 2 -SiMe 3 to 93.03 and 99.51 ppm 40 and an upfield shift of the adamantyl and annulated five ring moiety protons to the range between -10 and -53 ppm (Figure 2) , whereas, for 7 Ad both are shifted to the contrary way: The diastereotropic proton signals are shifted strongly upfield to -225.45 and -239.26 ppm and the adamantyl and annulated five 45 ring moiety signals are shifted strongly downfield to the range between 38 and 163 ppm. This trend can also be assigned for the other proton signals. It is a consequence of the sign variation of spin densities and therefore of the chemical shift within the lanthanide series. 
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Molecular Structures of CpPN Complexes
The Despite the sterically demanding Cp-moiety 1 Ad -3 Ad , 2 Dip and 3 Dip reveal that the Cp ring coordinates to the metal centre in a 5 typical η 5 mode, while IndPN adopt a η 3 -bonding fashion and the more bulky FluPN-type ligands has a rare η 1 -bonding mode. 18 In the solid state all complexes adopt mononuclear structures, in which the metal atoms reveal a pseudo-tetrahedral coordination by the η 5 -bonded C5-ring and the nitrogen atom of the CpPN- 
Conclusions
A new sterically most demanding CpPN chelate ligand system, cheaper than all tetramethyl-based building blocks and therefore more privileged to provide constrained-geometry complexes and catalysts of many more metals has been developed. By 
, Pr (6 Ad ), Yb (7 Ad )) were isolated as microcrystalline solids and were completely characterized by microanalysis and partially by X-ray crystal 30 structure determination. As a non-routine characterization method for organolanthanide complexes an extensive NMR study of a series of paramagnetic complexes with assignment of all signals is presented. Paramagnetic complexes Sm (4 Ad ), Nd (5 Ad ), Pr (6 Ad ) reveal an almost mirror inverted signal order compared to 35 previously unknown ytterbium(III) CpPN complexes 7 Ad 2 ] (580 mg, 1.00 mmol, 1.00 eq) in 10 mL of toluene a solution of ligand L Ad H (500 mg, 1.01 mmol, 1.01 eq) in the same amount of solvent was added dropwise at ambient temperature. After 0.5 h the solvent was completely removed in 55 vacuum and the foamy residue was triturated with 10 mL of n-hexane, which results in dissolution and immediate deposition of a colourless crystalline solid. It was filtered off and dried in vacuum. Additional amount of the compound can be obtained by storing the mother liquor at -30 °C. Yield: combined 660 mg 60 (0.78 mmol, 78%). 1 2 ] (580 mg, 1.00 mmol, 1.00 eq) and ligand L Dip H (520 mg, 1.00 mmol, 1.00 eq). The reaction was performed at 0 °C. Colourless, microcrystalline solid was obtained by storing the n-hexane solution at -30 °C in a yield of 480 mg (0.55 85 mmol, 55%). 1.00 eq) and the protonated ligand (0.50 mmol, 1.00 eq) in 15 mL of ether, a solution of LiCH 2 SiMe 3 (1.50 mmol, 3.00 eq) in 10 mL of toluene was added dropwise at 0 °C. The reaction mixture was stirred at 0 °C for another 0.5 h and concentrated in vacuum to half of the original volume. LiCl was filtered off over Celite ® .
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The solvent was stripped off, whereupon a colourless foamy solid forms, which was crystallized from n-hexane. Storage at -30 °C followed by filtration and drying in vacuum resulted in isolation of a microcrystalline solid. 
